We show that high levels of Hedgehog signaling activity are essential for medial-region patterning in Drosophila legs. In mid-to-late third instar leg discs, high levels of Hedgehog signals repress the transcription of pxb, a newly identified gene encoding a transmembrane protein expressed specifically in the anterior compartment. Misexpression experiments indicate that Pxb may serve as a Hedgehog signaling attenuator capable of acting prior to Hedgehog-Patched interactions, suggesting that Hedgehog signaling in leg discs includes a pxbrepression-mediated positive feedback loop. RNA interference and clonal analysis show that neither Wingless nor Decapentaplegic signaling is required for pxb repression but high levels of Wingless signaling activity are essential for patterning in the leg ventral medial region. q
Introduction
The Hedgehog (Hh) family is one of the most important secretory protein groups, essential for regulation of cell fates and patterning in vertebrates and invertebrates (reviewed in Chuang and Kornberg, 2000) . In Drosophila, embryonic segment and imaginal disc cells are each divided into two groups (Garcia-Bellido et al., 1973) , anteriorcompartment cells expressing cubitus interruptus (ci; Eaton and Kornberg, 1990) and posterior compartment cells expressing related homeobox genes, engrailed (en) and invected (inv) (Kornberg et al., 1985; Eaton and Kornberg, 1990) . Hh is secreted by posterior cells, and regulates many targets in anterior cells along the anterior-posterior compartment (A/P) boundary, such as decapentapiegic (dpp), wingless (wg), patched (ptc), and en (Tabata and Kornberg, 1994; Basler and Struhl, 1994; Johnson et al., 1995; Strigini and Cohen, 1997) . In wing discs, Hh induces the expression of dpp, a gene encoding a member of the TGF-b family (Tabata and Kornberg, 1994; Basler and Struhl, 1994; Kojima et al., 1994) . Dpp is a secretory protein, which mediates long-range activity of Hh as a morphogen so as to organize pattern formation of wings in both compartments Zecca et al., 1995; Ingham and Fietz, 1995; Lecuit et al., 1996; Nellen et al., 1996) . In leg discs, Hh induces the expression of wg ventrally and dpp dorsally (Basler and Struhl, 1994) . Dpp and Wg specify ventral and dorsal cell fates, respectively, and act together to determine discrete cell fates along the proximodistal axis of legs (Couso et al., 1993; Basler and Struhl, 1994; Diaz-Benjumea et al., 1994; Jiang and Struhl, 1996; Lecuit and Cohen, 1997) .
Mullor and Strigini, and their coworkers proposed that in addition to long-range activity relayed by Dpp, Hh has short-range morphogen activity independent of Dpp in wing discs (Mullor et al., 1997; Strigini and Cohen, 1997) . Blocking Hh signaling by overexpression of ptc results in loss of the medial region of wings (Johnson et al., 1995) . Complete restoration of this phenotype is possible through ectopic expression of hh, but not dpp (Mullor et al., 1997) . Thus, in wings, only high levels of Hh signals are considered to be associated with morphogen activity, which modulates cell fate in a narrow region immediately adjacent to the A/P boundary. The short-range organizing activity of Hh in wings may be mediated by En, since en is induced by high levels of Hh signals in the anterior compartment along the A/P boundary and the size of the vein 3-4 region (region immediately anterior to the A/P boundary) is reduced in en mutant clones generated in the anterior en expression domain (Mullor et al., 1997; Strigini and Cohen, 1997; Hidalgo, 1994) . In addition to fate determination in the wing medial region, the formation of dorsal embryonic hairs and bristles in adult abdominal segments would appear governed by Hh that serves as a direct morphogen (Heemskerk and DiNardo, 1994; Struhl et al., 1997a,b) .
Transduction of the Hh signal has been studied extensively (reviewed in Ingham, 1998) . Reception of this signal involves transmembrane proteins, Ptc and Smoothened (Smo) . In the absence of Hh signal, Ptc represses Smo function. When Hh binds to Ptc, Smo is released from the inhibitory hold of Ptc, and transduces the signal to a transcription factor, Ci. Ci has two distinct forms. One is a truncated molecule (Ci-75) acting as a repressor, and the other is the full-length form (Ci-155) (Aza-Blanc et al., 1997) . In the absence of Hh signal, Ci-155 is cleaved to Ci-75 (Aza-Blanc et al., 1997) . When Hh signal is received, the cleavage is inhibited and Ci-155 is further stimulated to be a transcriptional activator (Methot and Basler, 1999) . It was also shown that a positive effector, serine/threonine kinase, Fused (Fu), maximizes Ci-155 activity to regulate ptc and anterior en expression in the immediately adjacent region to the A/P boundary (Alves et al., 1998; Ohlmeyer and Kalderon, 1998; Methot and Basler, 2000) .
Hh signaling may be modulated by extracellular molecules other than Ptc or Smo. A multi-transmembrane protein, Dispatched, has been shown to be required in Hhproducing cells for delivering Hh to cells that should receive it (Burke et al., 1999) . Tout velu, a type II transmembrane protein and a homolog of vertebrate Ext, is required for Hh diffusion (Bellaiche et al., 1998) . In vertebrates, Hh-interacting protein, Hip, a type I transmembrane protein, appears to attenuate Hh signaling (Chuang and McMahon, 1999) .
Here, we show that high levels of Hh signaling activity are required for cell fate determination in the leg medial region. In mid-to-late third instar leg discs, the transcription of pxb, a newly identified gene encoding a putative attenuator of Hh signaling, is repressed along the A/P boundary, yielding a pxb-repression-mediated positive feedback loop in Hh signaling. In addition, our results show that neither Wg nor Dpp signaling is required for pxb repression but high levels of Wg signaling activity are essential for patterning in the leg ventral medial region.
Results
2.1. Requirement of high levels of Hh signaling activity for normal cuticle structure formation in leg medial regions hh 9k is a temperature-sensitive allele of hh (Mohler, 1988 ) and 188C is a permissive temperature with respect to viability and fertility. Flies homozygous for hh 9k raised at 188C were, however, found to show the reduction in the vein 3-4 region area of adult wings (Mohler, 1988; Mullor et al., 1997; Strigini and Cohen, 1997; Fig. 1A, B) , and unlike wild type flies (Blair, 1992) , failed to express en in the wing-disc anterior compartment in mid-to-late third instar (data not shown). Thus, at this temperature, Hh 9k protein may possess lower stability and/or specific activity than wild type Hh.
Detailed morphological examination of hh 9k flies raised at 188C indicated the presence of cuticle structure defects in the medial region of all three leg types. In wild type, each leg possesses eight bristle rows in tarsal segments 1-5 ( Fig.  1C, D ; Lawrence et al., 1979; Held, 1979 Held, , 1990 . Regions flanked by bristle rows 8 and 1 (8-1 region) and bristle rows 4 and 5 (4-5 region) are associated with strong ptc signals (Fig. 1C, F , G) and presumed to derive from ventral and dorsal anterior-compartment portions immediately adjacent to the A/P boundary, respectively (Fig. 1C) . In the normal 8-1 region of the distal-most tarsal segment 5, about seven 9k flies raised at 188C (B). In hh 9k flies, vein 3-4 region was considerably reduced in area (see brackets), suggesting that Hh signaling activity in hh 9k flies is reduced to some extent compared to that in wild type flies. (C) BarHI (Bar) and ptc expression in late third instar leg discs and the distal-most region of adult legs (distal view) is schematically shown. Bar and ptc expression is colored in red and green, respectively. Note that the distal-most region of adult legs is a derivative of the center of larval leg discs, and both possess similar Bar and ptc expression patterns. The Bar circular expression in leg discs occurs in future tarsal segments 4-5. (Kojima et al., 2000) . Central paired dots of Bar in leg discs and adult legs show the position of claw basal cell clusters (see (E)). Numerals 1-8 show bristle rows 1-8; A, anterior; P, posterior; D, dorsal; V, ventral. (D) Ventral medial region of adult legs. That, in each tarsal segment (ta), hair formation occurs in the region flanked by bristle rows 8 and 1 is schematically shown in the upper drawing (see red triangles). Lower panel, wild type tarsal segment 5. (E) BarlacZ expression in claw basal cells of legs (arrowheads) prepared at late pupal stages. (F,G) ptc expression in the ventral medial region of legs prepared at late pupal stages. ptc expression was visualized as green signals of UAS-GFP driven by ptc-Gal4. Confocal and phase-contrast pictures were merged in (F). Arrowheads, sensory bristle. (G) Interpretation of (F). Numerals 8 and 1 show bristle rows 8 and 1. The filled arrowhead indicates hairs in the medial region. Area colored in green, ptc-positive medial region. (H-Q) Ventral (H-L) and dorsal (M-Q) views of adult leg tarsal segment 5 in wild type flies (H,M), hh 9k flies raised at 188C (I,N), fu 1 hemizygotes (J,O), pxb 37-2 homozygotes (K,P) and UAS-pxb 96-1 /Y; ptc-Gal4 flies (L,Q). Filled or open arrowheads, respectively, show that the average number of 8-1 region hairs is normal or extensively reduced. In wild type, there are about seven 8-1 region hairs (H). hh 9k flies raised at 188C completely lost 8-1 region hairs (I). In fu 1 (J) and UAS-pxb hairs are present (Fig. 1D , G, H; Table 1 ; Orenic et al., 1993) . In hh 9k flies raised at 188C, these and 8-1 region hairs in tarsal segment 4 were almost completely abolished and the counterparts in other tarsal segments were significantly reduced in number ( Fig. 1I ; Table 1 ). High levels of Hh signaling activity are thus presumed to be required for hair formation in the leg ventral medial region.
In wild type, the distal end of the 4-5 region is marked by a sensory bristle, hereafter referred to as the DM (distalmost) sensory bristle (Fig. 1M ). This bristle was noted to be lost in 29% of legs ðn ¼ 34Þ of hh 9k flies raised at 188C (Fig. 1N) , suggesting that high levels of Hh signaling activity are necessary for normal development of the peripheral nervous system (PNS) in the leg dorsal medial region. No appreciable loss of or structural defects in other bristles could be found.
A pair of claws is situated at the distal-most end of each wild type leg (Fig. 1E, M ). BarH1 is a homeobox gene required for normal morphogenesis of leg distal tarsal segments and pretarsus (Kojima et al., 2000) , and is expressed in claw basal cells (Fig. 1E) , placing the medial Ptc-positive region between, and in cells surrounding the outer circumference of the pretarsus in late-third-instar larval and pupal stages ( Fig. 1C, R ; Kojima et al., 2000) . hh 9k flies raised at 188C always possessed a pair of claws (Fig. 1N ). No appreciable difference in claw-to-claw distance was detected between wild type and hh 9k flies raised at 188C when measured at the end of late third instar and normalized using the pretarsus diameter (Fig. 1R, S ). Claws and distal tarsal segments were occasionally lost in some hh hypomorphic mutant clones (Mohler, 1988) . Thus, in leg discs, high levels of Hh signaling activity appear essential for determining the fate of at least a fraction of cells situated within the future medial region, while claw formation requires Hh signaling activity to a lesser extent than that of the medialregion hairs and the DM sensory bristle.
Fu is a serine/threonine kinase involved in Hh signaling, and its kinase activity must be available for normal wingdisc expression of genes such as en and collier, all of which require high levels of Hh signaling activity for expression (Alves et al., 1998; Vervoort et al., 1999; Mohler et al., 2000) . In the fu kinase mutant, fu 1 , vein 3-4 region area of adult wings is reduced (Alves et al., 1998) . As shown in Fig. 1J and Table 1 , nearly all hairs in the 8-1 region disappeared in legs hemizygous for fu 1 . The DM sensory bristle was lost in 16% of fu 1 /Y legs (n ¼ 98; Fig. 1O ), but no apparent change in claw morphology or claw-to-claw distance (Fig. 1O, T) could be detected. It follows from the present findings that, as with wing discs, Fu kinase activity in leg discs is required only for transducing high levels of Hh signals, essential for medial-region hair and DM sensory bristle formation.
Identification of an enhancer trap line with reporter gene expression specifically repressed along the A/P boundary
For further clarification of hh-dependent cell fate modulation along the A/P boundary in legs, search was made for enhancer trap lines in which reporter gene (lacZ) expression is positively or negatively regulated along this boundary in mid-to-late third instar leg discs and two lines, PXb41 and L71, were found. Only findings for PXb41 are presented here. Those for L71 will appear elsewhere.
Staining for lacZ protein and En indicated that lacZ expression in PXb41 (pxb-lacZ expression) occurs in the anterior compartment of leg discs ( Fig. 2A, B) . In early third instar, pxb-lacZ expression abutted the En-positive domain ( Fig. 2A) , while in mid-to-late third instar, pxblacZ and en expression domains were separated from each other by a narrow gap along the A/P boundary (Fig. 2B) . The posterior edge of pxb-lacZ expression in mid-to-late third instar was associated with gradation. Strong Ptc expression occurred in almost all, and only cells situated within the narrow gap (Fig. 2C , C 0 ), indicating that pxblacZ, expressed throughout the anterior compartment in early third instar, is specifically repressed along the A/P boundary in mid-to-late third instar larvae ( Fig. 2G , H). Table 1 The number of ventral hairs in the leg medial region of tarsal segment 5 and scutellar bristles Genotype Leg ventral medial hairs Scutellar bristles
. pxb-lacZ expression in leg, antennal and wing discs and embryos. In all panels, anterior is left. (A-C) pxb-lacZ expression in early (A) or mid-to-late (B,C) third instar leg discs is colored in green. En and Ptc signals are colored in red in (A,B) and (C), respectively. pxb-lacZ was expressed in an anteriorcompartment specific manner throughout development. In early third instar, all anterior-compartment cells expressed pxb-lacZ, whose expression domain abuts on the en expression domain (posterior compartment; A). In mid-to-late third instar, pxb-lacZ expression was specifically repressed in strongly Ptc-expressing cells along the A/P boundary (C) and the pxb-lacZ expression domain was separated from the en expression domain by a narrow gap (B). (C 0 ) is an enlargement of a portion of (C) and indicates that pxb-lacZ expression is virtually complementary to strong ptc expression in the anterior compartment of mid-to-late third instar leg discs. (D-F) En is colored in red, while ptc-lacZ and pxb-lacZ, green in (D,F) and (E), respectively. In wild type wing and leg discs, ptc is always expressed strongly in anterior-compartment cells immediately adjacent to the A/P boundary (Tabata and Kornberg, 1994) . (D,D 0 (enlargement of a portion of (D))) clearly showed that there is no overlap between En and ptc-lacZ signals in mid-to-late third instar leg discs, indicating that, unlike wing discs, no invasion of en expression into the anterior compartment occurs in larval leg discs. In pupal stages, en and pxb-lacZ expression domains were still separated by a narrow gap (E), but a considerable En invasion into the ptc-lacZ expression region occurred (F,F 0 (enlargement of a part of (F))). (G-I) Schematic drawings of expression patterns of early (E3; G) and mid-to-late (M3-L3; H) third instar and pupal (I) leg discs. (J,K) pxb-lacZ (green) expression in antennal (J) and wing (K) discs, stained with En (red). pxb-lacZ expression in antennal discs was similar to that in leg discs. In contrast, in wing discs, pxb-lacZ expression occurred only in the anterior-most cells of the anterior compartment. (L-O) pxb-lacZ expression in embryos. pxb-lacZ expression in stage 7 (N) and stage 13 (O). The expression gaps between pxb-lacZ (green) and En (red) became apparent along the anterior and the posterior edges of each pxb-lacZ domain at stages 13 (L) and 15 (M), respectively. (P) A wild type wing disc was examined by in situ hybridization using a pxb cDNA fragment as a probe. Only marginal levels of signals were detected in the anterior compartment.
Unlike wing discs (Blair, 1992) , no En invasion into the anterior compartment was apparent in mid-to-late third instar larval leg discs (Fig. 2D, D  0 ). The narrow gap separating pxb-lacZ and en expression domains could be still seen in pupal stages (Fig. 2E, I ), although the anterior en expression became apparent at these stages (Fig. 2F , F 0 ).
pxb-lacZ expression was not restricted to leg discs. pxblacZ signals were also detected in anterior compartments of antennal and wing discs and embryonic segments (Fig. 2J-M) . In antennal discs, pxb-lacZ, initially expressed throughout the anterior compartment, was repressed along the A/P boundary in mid-to-late third instar larval and pupal stages, as also noted for leg discs (Fig. 2J) . In wing discs, no or little pxb-lacZ expression was observed except for the anteriormost region of the anterior compartment (Fig. 2K) . In embryos, pxb-lacZ expression took the form of eight stripes at stage 7 (Fig. 2N) , and 15 stripes at stage 13 (Fig. 2O) . At stages 13 and 15, expression gaps between pxb-lacZ and en could be seen along the anterior and the posterior edges of each and every pxb-lacZ domain, respectively (Fig. 2L, M ).
A gene entrapped in PXb41 encodes a putative type II transmembrane protein
In PXb41, P insertion occurred at 89A on the third chromosome. Genomic DNA fragments surrounding the P insertion site and relevant cDNA fragments showing in situ hybridization similar to pxb-lacZ expression in leg discs were cloned (Fig. 3A) . The longest cDNA clone (clone a1) was 3 kb in length, this being consistent with 3 kb RNA noted in Northern blots (data not shown). In situ hybridization using clone a1 DNA as a probe showed that hybridization signals distribute in the anterior compartments in a fashion very similar to pxb-lacZ expression (Fig. 3B) ; in wing discs, a marginal, if any, level of hybridization signals could be detected throughout the anterior compartment (Fig.  2P) . In a separate experiment, we also examined the lacZ expression of four additional 89A locus enhancer trap lines whose P insertion sites are situated within 5 kb 5 0 upstream of the PXb41 insertion site and found one of them to be associated with variegated weak lacZ expression in the wing anterior compartment. As described in more detail below (see Fig. 4A-F) , pxb-lacZ expression in tissues other than wing discs may faithfully reflect the expression pattern of the endogenous gene cloned here (a1 sequence). In addition, no appreciable hybridization signal was detected when fragments derived from a 15 kb genomic DNA region 5 0 upstream of the genomic a1 sequence were used as probes. Nucleotide sequence and 5 0 Race analysis disclosed P insertion to occur about 70 bp upstream of a putative RNA start (5 0 TTCAGTT) (Fig. 3A) . The longest cDNA (a1 sequence) contained an open reading frame (ORF) encoding a 636-amino-acid-long protein (Fig. 3C) . A putative gene with this ORF is hereafter referred to as pxb. Pxb protein has an N-terminal, presumptive transmembrane domain, 21 amino acids in length, and eight putative Nglycosylation sites in the C-terminal half (Fig. 3C ), possibly indicating that Pxb is a type II transmembrane protein. The putative intracellular domain possessed a proline-rich stretch, a possible SH3 domain-binding site, whereas histidine-rich, acidic-amino-acid-rich, and tyrosine-rich stretches were found in the putative extracellular domain. The histidine-rich stretch, 44-amino-acid-long, included a sequence consisting of six consecutive histidines and possible zinc finger structures, indicating that it may be a metal binding site. The acidic-amino-acid-rich region, 20 amino acids long, exhibited a marginal level of amino acid sequence similarity to Hh (Fig. 3C) . No sequence homology was apparent in any other proteins and thus, Pxb would constitute a novel protein class. The Berkeley Drosophila Genome Project (Adams et al., 2000) assigned two putative genes, CG14873 and CG14874 to the pxb locus (Fig. 3A) . CG14873 and CG14874 are presumed to encode 89 and 537 amino-acid-long proteins, respectively (Adams et al., 2000) . But no transcripts representing solely CG14873 or CG14874 could be identified in this study by reverse transcriptase-polymerase chain reaction (RT-PCR) and cDNA search. pxb may thus reasonably be concluded to be the gene at this locus.
Negative regulation of pxb transcription through high levels of Hh signaling activity
As described above (see Fig. 2B ), in mid-to-late third instar leg discs, pxb-lacZ and En expression domains are separated from each other by a narrow gap along the A/P boundary. Since a similar gap was also found to exist between pxb RNA and en-lacZ expression domains (Fig.  4D) , gap formation is quite likely to be due to the absence of the expression of the pxb gene itself in an anteriorcompartment striped region along the A/P boundary in mid-to-late third instar leg discs.
To determine whether high levels of Hh signaling activity are required for pxb (pxb-lacZ) repression along the A/P boundary, the following experiments were carried out. Firstly, leg discs were prepared from mid-to-late third instar hh 9k larvae raised at 188C and fu 1 larvae, both seemingly devoid of high levels of Hh signaling activity, and stained for lacZ protein and En or pxb RNA. As shown in Fig. 4 , En/ pxb-lacZ, and en-lacZ/pxb expression gaps virtually completely disappeared in both mutant animals.
Ptc functions as a receptor for Hh and counteracts Hh signaling. The removal of Ptc activity significantly activates the Hh signal transduction pathway in a cell autonomous manner (Phillips et al., 1990; Ingham et al., 1991; Chen and Struhl, 1996) . As shown in Fig. 5A , consistent with the notion that high levels of Hh signaling activity repress pxb transcription, cells within ptc mutant clones formed in the anterior compartment lacked pxblacZ signals.
Ci protein is a transcription factor in the Hh signaling cascade (Alexandre et al., 1996) . In anterior-compartment cells lacking Hh signal reception, full-length Ci undergoes cleavage to become a short repressor form (Aza-Blanc et al., 1997) . In contrast, in anterior-compartment cells receiving Hh signals, such cleavage fails to occur and Ci serves as a transcriptional activator most probably after modification (Methot and Basler, 1999) . Clones expressing an active form of Ci (Ci (m1-4) ; Chen et al., 1999) were generated by the flip-out method. As shown in Fig. 5B , in these clones, pxb-lacZ signals were completely eliminated, indicating that Ci(m1-4) is capable of repressing pxb expression directly or indirectly.
pxb repression along the leg A/P boundary is thus concluded to require high levels of Hh signaling activity, with consequent production of the activator form of Ci.
En activity is dispensable for pxb repression along the A/P boundary
In mid-to-late third instar wing discs, anterior-compartment cells along the A/P boundary produce En, which acts as a transcriptional repressor in many developmental contexts (Sanicola et al., 1995; Schwartz et al., 1995; Serrano et al., 1997) . In contrast to wing discs, no appreci- Fig. 3 . The physical map of the pxb locus (A), pxb RNA expression in wild type and a pxb mutant (B) and the deduced amino acid sequence of Pxb protein (C). (A) The triangle labeled PXb41 indicates the P insertion to occur about 70 bp upstream of the RNA start of pxb. The L-shaped arrow indicates the RNA start and direction of RNA transcription. Exons are indicated by boxes. Filled boxes, coding sequences. R, EcoRI. CG14873 and CG14874 are putative genes predicted by the Berkeley Drosophila Genome Project but presumed here to be portions of pxb. Stippled bars labeled pxb 37-2 indicate a small deletion in pxb 37-2 , uncovering the first exon of pxb. (B) Leg discs were examined by in situ hybridization using a pxb cDNA fragment as a probe. Anterior is left, and dorsal is up. That there is no appreciable hybridization signal in pxb 37-2 leg discs indicates pxb 37-2 to be a null mutant. 1/1, wild type. (C) Deduced amino acid sequence of Pxb protein. We consider that the second methionine is the best candidate for the initiation methionine so that preceding three amino acids are shown by lowercase letters. Pxb protein possesses an amino-terminal, presumptive transmembrane domain, 21 amino acids in length (the red open box), and eight putative Nglycosylation sites (red underlines). Proline-rich (orange), histidine-rich (green), acidic-amino-acid-rich (blue), and tyrosine-rich (purple) regions are enclosed with open boxes. Note that the acidic-amino-acid-rich region possesses a marginal level of amino acid sequence similarity to Hh (blue letters, AA position: 135-153; Tashiro et al., 1993) . Similarity is indicated by dots. Accession number of pxb, AB081475.
able En signals could be detected in mid-to-late third instar leg discs (Fig. 2D, D 0 ), suggesting that en may not be involved in gene repression in leg anterior-compartment cells along the A/P boundary in mid-to-late third instar. Study was thus made to determine whether en is dispensable for repression of pxb transcription in mid-to-late third instar leg discs. As described above (see Fig. 5A ), pxb-lacZ expression is eliminated in cells within ptc single mutant clones generated in the anterior compartment as a result of high levels of Hh signaling activity. Should En function as a repressor of pxb transcription, acting downstream of Hh signaling, pxb-lacZ signals ought to be restored in ptc en double mutant clones generated in the anterior compartment. Fig. 5C shows that pxb-lacZ signals were still absent from ptc en double mutant clones generated in the anterior compartment. In contrast, pxb-lacZ expression was induced in ptc en double mutant clones generated in the posterior compartment (Fig. 5C ). pxb-lacZ misexpression was also found to be induced in en single mutant clones generated in the posterior compartment (data not shown). We thus conclude that pxb expression is regulated at two levels. Repression by En in the posterior compartment restricts the expression of pxb in the anterior compartment throughout development, while pxb is repressed in anterior A/P boundary cells through an en-independent mechanism in mid-to-late third instar.
Pxb as putative attenuator of Hh signaling
To determine possible biological functions of pxb, flies lacking pxb activity were generated by imprecise P-element excision: The pxb gene in PXb41 37-2 (allele name: pxb 37-2 ) was found to be associated with a deletion uncovering the first exon (Fig. 3A) . In flies homozygous for pxb , no appreciable pxb RNA signals were detected (Fig. 3B) , indicating that pxb 37-2 is a null allele. pxb 37-2 homozygotes were viable and fertile with neither obvious morphological defects ( Fig. 1K, P ; Table 1 ) nor appreciable change in the expression of putative Hh signaling targets such as ptc (data not shown). pxb would thus appear dispensable for survival and morphogenesis at least in a wild type background.
In wild type legs, pxb expression is specifically abolished in anterior-compartment cells considered to receive high levels of Hh signals and accordingly, pxb repression might be essential for normal development of these Hh-receiving cells. To test this possibility, pxb was misexpressed using the Gal4/UAS system. Flies having a UAS-pxb construct were crossed with those with either ptc-Gal4 (Brand and Perrimon, 1993) or Dll-Gal4 (Gorfinkiel et al., 1997) . As shown in Fig. 1L and Table 1 , pxb misexpression brought about a significant loss of 8-1 region hairs. UAS-pxb 96-1 is a fly line possessing a single copy of UAS-pxb. UAS-pxb 96-1 / Y; Dll-Gal4 flies (flies hemizygous for the UAS-pxb transgene) were found to have 1.5 hairs on the average, while UAS-pxb 96-1 /1; Dll-Gal4 flies (heterozygotes), 2.6, indicating that hair formation is regulated in a pxb-dosage-dependent manner (Table 1) . Under our experimental conditions, change in raising temperature from 25 to 298C gave no appreciable effects on hair reduction (Table 1) . Difference in driver also gave little effect on it. In other UAS-pxb lines examined ðn ¼ 4Þ basically the same hair-less phenotypes were noted (Table 1 , data not shown). Unlike hh 9k flies raised at 188C and fu 1 mutants, no DM sensory bristle loss occurred subsequent to pxb misexpression (Fig. 1Q) . Based on these results, we conclude that effective repression of pxb along the A/P boundary is essential for normal leg morphogenesis.
pxb misexpression along the A/P boundary had effects on PNS formation in scutella. Wild type flies possess four large sensory bristles in the posterior-most region of the scutellum, a tissue derived from a part of the anterior compartment immediately adjacent to the A/P boundary in the future notum (a part of the wing disc; Fig. 1V ). There was no scutellar sensory bristle loss in hh 9k flies raised at 188C, while those raised at 208C lost about two scutellar sensory bristles ( Fig. 1W; Table 1 ), indicating their formation to be governed by high levels of Hh signaling activity. Fig. 1X and Table 1 indicated that pxb misexpression induces loss of scutellar sensory bristles. UAS-pxb 96-1 /Y; ptc-Gal4 males had 2.8 bristles on the average, whereas males homozygous for ptc-Gal4 showed the weak ptc mutant phenotypes 
Possible modulation of Hh activity by Pxb prior to Hh and Ptc interactions
Pxb is a membrane protein and accordingly, may attenuate Hh signaling through modulating Hh activity prior to Hh and Ptc interactions. Thus, pxb was misexpressed in the Hhproducing but Ptc-lacking posterior compartment and hair formation was examined in the ventral medial region corresponding to the leg-disc anterior A/P boundary region receiving high levels of Hh signals. UAS-pxb was driven by hh-Gal4, a posterior-compartment-specific Gal4 driver. Fig. 1U and Table 1 show that hair formation in anterior A/P boundary cells was repressed significantly upon pxb misexpression in the posterior compartment. It may thus follow that Pxb is capable of modulating Hh activity before Hh binds to its receptor, Ptc.
Requirements of Wg signaling for hair formation but not for pxb repression in the leg medial region
In leg discs, Hh induces wg and dpp expression along the A/P boundary ventrally and dorsally, respectively. Previous studies demonstrated that Wg and Dpp specify ventral and dorsal cell fates of legs, respectively (Couso et al., 1993; Basler and Struhl, 1994; Diaz-Benjumea et al., 1994; Jiang and Struhl, 1996) . Accordingly, pxb repression and/or the subtle defects observed in hh 9k , fu 1 or UAS-pxb/Y; ptc-Gal4 legs could be attributed to a slight reduction of high levels of Wg or Dpp signaling activity.
Wg and Dpp signaling activity was reduced by using RNA interference (RNAi). UAS-wgIR or UAS-dppIR were driven by Dll-Gal4 (Fig. 6I , J, see Section 4). In wild type late third instar wing discs, dpp is expressed along the A/P boundary (Fig. 6C, M) , while wg, along the dorsal-ventral compartment boundary (D/V boundary) of the wing pouch and in the hinge region ( Fig. 6A, M ; Diaz-Benjumea and Cohen, 1995; Kim et al., 1995; Tabata and Kornberg, 1994; Basler and Struhl, 1994; Kojima et al., 1994) .
We first examined whether dpp and wg expression was reduced only in Dll-positive regions in the wing pouch. DllGal4/UAS-dppIR and Dll-Gal4/UAS-wgIR wing discs were subjected to in situ hybridization using dpp and wg probes, respectively. As anticipated, dpp signals were found to be considerably reduced around the D/V boundary, positive to Dll (Fig. 6C, D, I ) and slightly reduced wg signals were detected along the wing-pouch A/P boundary (Fig. 6A, B,  I ). Note that wg expression in the hinge region can serve as an internal control for the latter. Consistent with the above findings, RNAi-induced morphological defects in adult wings were restricted to tissues presumed to be derived from disc regions positive to Dll and possibly exposed with high levels of Dpp or Wg signals (see Fig. 6M ). Indeed, in Dll-Gal4/UAS-wgIR wings, the posterior D/V boundary, derived from the high Wg-expression area, was notched (Fig. 6M, N) and bristles in the distal-anterior D/V boundary were reduced in number; most distal-posterior margin hairs were also lost ( Fig. 6M-S) . In Dll-Gal4/UAS-dppIR wings, distal veins were abolished in both anterior and posterior compartments (Fig. 6M, O) .
In leg discs, the reduction of wg and dpp signals was much less prominent than in wing discs (Fig. 6E-H ) but morphological defects in adult legs were apparent. About 13 and 4% of Dll-Gal4/UAS-wgIR and Dll-Gal4/UASdppIR legs, respectively, were found to lose at least one of the two claws. As shown in Fig. 6T , U and Table 1 , in Dll-Gal4/UAS-wgIR legs, tarsal segment hairs in the medial region were almost completely eliminated, while no apparent loss of DM bristle was observed in Dll-Gal4/UAS-dppIR legs (Fig. 6V, W) . It may thus follow that, in legs, RNAi eliminates only high levels of Wg and Dpp signals and hair formation in the ventral medial region is positively regulated by high levels of Wg signals most probably due to high levels of Hh signals; Dpp signaling appears dispensable as far as DM bristle formation is concerned. Examination was also made of possible involvement of Wg and Dpp signaling on pxb repression. To address this Fig. 6 . Requirements of high levels of Wg signaling activity for the formation of leg ventral medial structures. In (A-L), anterior is left, and dorsal is up. (A-H) wg (A,B,E,F) and dpp (C,D,G,H) expression in wild type (A,C,E,G), UAS-wgIR/Dll-Gal4 (B,F) and UAS-dppIR/Dll-Gal4 (D,H) flies. Presumed RNAisusceptible regions are labeled with square brackets. In UAS-wgIR/Dll-Gal4 wing discs, wg expression appeared slightly reduced in comparison with that in wild type (A,B; see arrows for internal control), while, in mutant leg discs, no appreciable wg signal reduction could be detected (E,F). In UAS-dppIR/Dll-Gal4 wing discs, dpp signals were significantly reduced in comparison with those in wild type (C,D), while those in leg discs appeared almost normal (G,H). (I,J) Dll expression regions marked by GFP are colored in green. (K,L) Simultaneous staining of pxb and en RNA in UAS-wgIR/Dll-Gal4 (K) and UAS-dppIR/Dll-Gal4 (L) leg discs. Note the presence of expression gap between pxb and en (see red arrows). (M) Expression domains of Dll (green), dpp (red), D/V-boundary wg (blue) and hinge-region wg (light blue) in the disc wing-pouch (left panel) and the adult wing (right panel) were schematically shown. A, anterior; P, posterior; D, dorsal; V, ventral; Pr, proximal; Ds, distal. (N-S) Adult wings of UAS-wgIR/Dll-Gal4 (N,P,Q) and UAS-dppIR/Dll-Gal4 (O,R,S) flies. Distal-posterior UAS-wgIR/Dll-Gal4 wings appeared notched (N), while, in UAS-dppIR/Dll-Gal4 wings, distal veins were lost (O). (P-S) Enlargements of rectangles p-s in (N,O). Distal-anterior margin bristles (double and triple rows) were reduced in number in UAS-wgIR/Dll-Gal4 flies (P), while UAS-dppIR/Dll-Gal4 wings possessed normal anterior margin bristles (Q). Posterior margin hairs were normal in UAS-dppIR/Dll-Gal4 wings (S), whereas most distal-posterior hairs were eliminated in UAS-wgIR/Dll-Gal4 wings (R). Note that these local defects occur in Dll-positive regions exposed with high levels of Wg or Dpp signals in wild type (see M). (T-W) Ventral (T,U) and dorsal (V,W) views of the adult leg tarsal segment 5 in wild type (T,V), UAS-wgIR/Dll-Gal4 (U) and UAS-dppIR/DllGal4 (W) flies. Almost all of the seven ventral medial hairs found in wild type (see the filled arrowhead in T) were abolished in UAS-wgIR/Dll-Gal4 legs (see the open arrowhead in (U)). UAS-dppIR/Dll-Gal4 flies (W) always possessed the DM bristle (see arrows), like wild type flies (V). question, clones expressing constitutively active form of Armadillo (Arm; a positive component of Wg signaling; Peifer et al., 1991) , Arm S10 or wild-type Dpp were generated. As shown in Fig. 5D , E, no appreciable repression of pxb expression was observed in either ventral-anterior or dorsal-anterior clones expressing Arm Sl0 or Dpp indicating that ectopic Wg or Dpp signaling is not sufficient to repress pxb transcription.
Next, we examined whether pxb repression is abolished in Dll-Gal4/UAS-wgIR or Dll-Gal4/UAS-dppIR leg discs. In these experiments, late-third-instar leg discs were simultaneously stained for pxb and en RNA. No appreciable loss of expression gap between pxb and en was observed (Fig. 6K,  L) . Taken together, these findings may indicate that high levels of Wg and Dpp signaling activity are dispensable for pxb repression.
Discussion

Pxb as possible attenuator of Hh signaling
Our results (see Fig. 1L , X and Table 1) show that Pxb acts as a weak attenuator of Hh signaling. Pxb is a putative type II transmembrane protein, whose expression in leg discs, is repressed only in a strong Ptc-positive region situated along and in the vicinity of the A/P boundary (see Fig.  2C , C 0 ). Pxb appears to possess a marginal level of amino acid sequence similarity to Hh (see Fig. 3C ). Pxb may thus serve as an Hh signaling attenuator by competing with Hh for Ptc. However, this possibility appears less likely, since pxb misexpressed in the Hh-signal-producing but Ptc-negative posterior compartment resulted in Hh signaling reduction in the Hh-signal-receiving, anterior A/P boundary region (see Fig. 1U ). We thus presume that Pxb may attenuate Hh signaling through modulating Hh activity prior to and/or during Hh and Ptc interactions. Hh may be partly destabilized or squelched through interactions with Pxb. Hh is a zinc-containing protein (Hall et al., 1995; T. Fuse, S. Yokoyama, and K.S., unpublished data) and Pxb possesses a putative metal binding site such as a histidine repeat (see Fig. 3C ). Thus, Pxb might serve as a kind of chelating reagent, deprive Hh of a zinc ion and eventually decrease its specific activity and/or stability.
In vertebrates, a transmembrane protein, Hip, is capable of binding to Hh and serving as an attenuator of Hh signaling (Chuang and McMahon, 1999) . Amino acid sequence homology does not appear to exist between Pxb and Hip, and thus they are Hh-attenuators belonging to different classes.
3.2. Fate determination of anterior-compartment cells along and in the vicinity of the A/P boundary through high levels of activity of Hh signaling with a pxb-repressionmediated positive feedback loop
The present work showed that high levels of Hh signaling activity are essential for normal cell fate determination in a narrow anterior-compartment region immediately adjacent to the A/P boundary in legs (see Fig. 1I, N) . The role of high levels of Hh signaling appears two-fold. Firstly, high levels of Hh signaling activity are required for the repression of pxb transcription in the anterior A/P boundary region. Since pxb encodes a putative attenuator of Hh signaling and is expressed throughout the anterior compartment in early third instar, the repression of pxb transcription in mid-tolate third instar may cause the abrupt increment of Hh signaling activity in the anterior A/P boundary region.
Secondly, high levels of Hh signaling are required for the production of high levels of Wg and Dpp signals in the anterior ventral and dorsal A/P boundary region, respectively, in mid-to-late third instar. However, it should be noted that the repression of pxb transcription is not mandatory for the production of lower levels of Wg and Dpp signals. Indeed, wg and dpp are expressed in anterior A/P boundary cells with pxb expression in early third instar leg discs (see Fig. 2A ). Upon reduction of Wg signaling activity by RNAi, hair formation was virtually completely abolished in the leg ventral medial region (see Fig. 6H ), suggesting that high levels of Wg signaling activity are essential for the fate determination of leg medial cells. In contrast, Dpp signaling might be dispensable for dorsal medial cell fate determination as shown in wings (Mullor et al., 1997) .
Misexpression of a constitutively active form of Arm and Dpp (see Fig. 5D , E) showed that neither ectopic Wg nor Dpp signaling activity is sufficient to repress pxb transcription. RNAi experiments (see Fig. 6K , L) also suggested that high levels of Wg or Dpp signaling are dispensable for pxb repression. Thus, pxb repression might be independent of Wg and Dpp signaling. wg and dpp are considered to be positively regulated by Ci, a central downstream component of Hh signaling (Alexandre et al., 1996) . Our results (see Fig. 5B ) showed that pxb expression is negatively regulated by the activated form of Ci. Therefore, should the activated form of Ci always serve as a transcriptional activator, our finding ought to indicate that there is a putative repressor gene, X, for pxb transcription and X is activated by Ci in leg anterior A/P boundary cells in mid-to-late third instar. In wing discs, the expression of En, serving as a general repressor (Sanicola et al., 1995; Schwartz et al., 1995; Serrano et al., 1997) , begins to invade into the anterior A/P boundary region in mid-to-late third instar and regulates cell fate determination in the medial region (Blair, 1992) . However, no anterior expansion of en was observed in mid-to-late third instar leg discs (see Fig. 2D , D 0 ) and no functional requirement of en for pxb repression in the anterior compartment was revealed by clonal analysis (see Fig. 5C ), indicating that X must not be en. Alternatively, repressor function may be directly provided by the activated form of Ci. Fig. 7 shows the cascade of Hh signaling which we presume to exert in the leg ventral-anterior A/P boundary region. High levels of Wg and Dpp signaling may not be essential for pxb repression. The cascade includes a pxb-repression-mediated positive feedback loop by which high levels of Wg signaling activity essential for ventral-medial hair formation may be maintained. However, it should be noted that possible involvement of low levels of Dpp and/ or Wg signaling in mid-to-late third instar in pxb repression cannot be formally excluded, although no appreciable pxb reduction could be induced by low levels of Wg and Dpp signals in early third instar. It is still an open question whether Hh is involved in morphogenesis of the leg medial region as a short-range morphogen independent of Wg and Dpp.
As with leg discs, transcriptional repression of pxb was observed in antennal discs and embryos (see Fig. 2J , L, M) and, in both cases, high levels of Hh signaling activity appeared required for it (unpublished data). It should then follow that Hh has short-range organizing activity associated with a pxb-repression-mediated positive feedback loop in many developmental contexts.
Experimental procedures
Fly stocks and genetics
Mutant strains used were: hh 9k (Mohler, 1988) , fu 1 (Preat et al., 1993) , ptc IIw (Nakano et al., 1989) , and Df(2R)en E (Tabata et al., 1995) . Fly lines other than hh 9k were raised at 258C. hh 9k is a temperature-sensitive mutant and usually raised at 188C. Flies homozygous for hh 9k raised at 208C produced only a few escapers per vial. fu 1 is a class I kinase mutant, while ptc IIw is null. Df(2R)en E is a small deletion uncovering inv and en. r48 (ptc-lacZ; Minako Orihara and K.S., unpublished data), ryxho25 (en-lacZ; Hama et al., 1990 ) and a fly line with lacZ transgene driven by a BarH1 enhancer, S8 (Sato et al., 1999a) , were used as reporter lines. UAS and Gal4 lines used were: UAS-ci(m1-4) (Chen et al., 1999) , UAS-arm S10 (Pai et al., 1997) , UASdpp (Staehling-Hampton and Hoffmann, 1994), UAS-GFP, AyGal4 (Ito et al., 1997) , Dll-Gal4 (em212; Gorfinkiel et al., 1997) , hh-Gal4 (Tanimoto et al., 2000) , and ptc-Gal4 (559.1; Brand and Perrimon, 1993) . UAS lines used for RNAi are shown below. AyGal4 is a Gal4 driver, in which an FLP-out cassette is placed between the Actin 5C promoter and Gal4 ORF. Gal4 is transcribed under the control of the Actin 5C promoter only in cells where the FLP-out cassette is removed by recombination.
ptc single and ptc en double mutant clones, respectively, were generated in larvae whose genotypes are y w hsp-flp/ 1; FRT42D ptc IIw /FRT42D p Myc; pxb-lacZ/1 and y w hspflp/1; FRT42D ptc IIw Df(2R)en E /FRT42D Ubi-GFP; pxblacZ/1. Clones were induced by a 60 min heat shock at 378C during late first-early second instar and observed in late third instar. Clones constitutively expressing ci, arm, and dpp were generated in y w hsp-flp/1; AyGal4 UAS-GFP/UAS-ci(m1-4); pxb-lacZ/1, y w hsp-flp/1; AyGal4 UAS-GFP/UAS-arm S10 ; pxb-lacZ/1, and y, w hsp-flp/1; AyGal4 UAS-GFP/1; pxb-lacZ/UAS-dpp larvae, respectively. ci, arm or dpp expressing clones were induced by a 20 min heat shock at 348C during late first-early second instar and observed in late third instar.
An enhancer trap line, PXb41, was isolated from our trap line library in which reporter gene (lacZ) expression is under the control of a BarH1 promoter fragment (PXb fragment, unpublished data). pxb mutants were obtained by imprecise P excision followed by Southern blotting. All putative pxb mutants so far examined were viable and fertile with no obvious morphological defects. Only one line of these (pxb ) was used for further analysis. A 3-kb long cDNA fragment with the full-length pxb ORF was inserted into the EcoRI site of pUAST (Brand and Perrimon, 1993) , and several fly lines with UAS-pxb were obtained. ptc-Gal4, Dll-Gal4, and hh-Gal4 were used to misexpress pxb.
Immunohistochemistry and in situ hybridization
X-Gal and antibody staining were carried out essentially according to Sato et al. (1999a) . Primary antibodies used were mouse anti-En (4D9; 1:3 dilution; Patel et al., 1989) , mouse anti-Ptc (1:50; , mouse antiMyc (Ab-1; 1:100; Oncogene Science), and rabbit anti-lacZ protein (anti-b-galactosidase; 1:2000; Cappell) antibodies. Cy3 (Amersham Pharmacia Biotech), or biotin (vector) conjugated antibodies were used as secondary antibodies. Biotin conjugated antibodies treatment was followed by avidin-fluorescein isothiocyanate (FITC; Promega). Pictures were taken under a confocal microscope (MRC-1000; Bio Rad) and images were processed using Photoshop 6.0 (Adobe). In situ hybridization and double labeling for RNA and protein were carried out as described previously (Sato et al., 1999b) . A 3-kb fragment of pxb cDNA including the entire ORF region, and 1-kb fragments of dpp, en, and wg cDNA were used as probes.
RNA interference
Five-hundred-bp-long cDNA fragments of wg or dpp, beginning with the 5 0 end of ORF, were inserted into pSC3 vector (R.U. and K.S., unpublished data) in a headto-head fashion with a 71-bp interval. Inverted repeats were re-inserted into the NotI site of pUAST. Six and four lines were obtained for UAS-wgIR and UAS-dppIR, respectively, and lines showing the strongest phenotype when crossed with Dll-Gal4 flies were selected and used as UAS-wgIR and UAS-dppIR. Dll-Gal4 was used as a driver, and flies were raised at 298C.
